Background. Coronary artery calcification (CAC) is an extensive and common complication in patients with end-stage renal disease (ESRD). The aim of this study was to assess prospectively the change in CAC over a 2-year period and to identify the factors that may be associated with CAC progression in ESRD patients. Methods. The final analysis was performed on 40 of 43 stable haemodialysis patients who initially entered into the study. The study population underwent multirow spiral computed tomography to derive CAC scores at baseline and after a minimum of 12 months (24 months in 30 patients, 18 months in four, and 12 months in the remaining six patients). To provide a stable estimate that was unbiased with respect to the baseline CAC, square root-transformed CAC scores were used for the analyses of the changes in CAC. Results. The median CAC score was 191 (range, 0-2403) mm 3 at baseline and increased to 253 (range, 0-2745) mm 3 at follow-up (P<0.001) and the median annualized change in square root-transformed CAC score was 1.48 (range, À0.95-8.64) mm 3 /year. The annualized change of the square root-transformed CAC score positively correlated with the timeintegrated levels of C-reactive protein (R ¼ 0.521, P ¼ 0.001), phosphorus (R ¼ 0.433, P ¼ 0.005) and calcium Â phosphorus product (R ¼ 0.394, P ¼ 0.012), but did not correlate with the levels of fetuin-A or lipid parameters. Even after adjusting for age, gender and baseline CAC score, C-reactive protein levels were independently associated with CAC progression. Conclusion. These data suggest that chronic inflammation as well as altered mineral metabolism contributes to a rapid progression of CAC in ESRD patients. Additional, larger scale studies are required to confirm our findings.
Introduction
Cardiovascular disease is the leading cause of death in patients with end-stage renal disease (ESRD). The risk of dying from a cardiovascular event is 10-20 times higher than in the general population, and the prevalence of coronary artery disease in ESRD patients is approximately 40%. Although patients develop cardiovascular abnormalities early in the disease process and have substantial traditional risk factors such as diabetes, hypertension and dyslipidaemia, a feature of many patients in the years preceding a cardiovascular event is the presence of extensive vascular calcification.
New imaging techniques have recently been used for reliably detecting and objectively measuring the extent of vascular calcification. These techniques include the use of electron-beam computed tomography (EBCT) and multirow spiral computed tomography (MSCT) to quantify coronary artery calcification (CAC). The degree of calcification within the coronary arteries is measured to obtain a CAC score.
The CAC is an extensive and common complication in patients with ESRD [1] . In addition to crosssectional studies, several longitudinal studies have documented rapid progression of CAC among these patients and have attempted to define the risk factors associated with this rapid progression [2] [3] [4] . However, only limited and conflicting data exist concerning possible factors that may lead to increased risk of CAC progression. A major limitation in assessing change in CAC using currently available technologies, including EBCT and MSCT, is interscan variability, which is not constant but depends on the baseline CAC score [5] . Thus, assessing the progression of CAC without accounting for interscan variability may lead to biased estimates of the rates and risk factors associated with CAC progression.
The aim of this study was to assess prospectively the change in CAC over a 2-year period after accounting for interscan variability and to identify factors that may be associated with CAC progression in ESRD patients.
Subjects and methods

Subjects
This study was carried out in a single haemodialysis unit in South Korea. Forty-three patients were entered into the study from April 2003 to October 2004. All patients were older than 18 years of age, with no metallic objects (e.g. stents and clips) in their chest, and were clinically stable (i.e. no symptoms of acute coronary syndrome, congestive heart failure or infectious disease) for at least 2 months prior to the baseline assessment. For the study, 40 out of 43 patients remained on haemodialysis and underwent follow-up MSCT after at least 12 months (30 had a final MSCT scan at month 24, four at month 18 and six at month 12). Only the results for these 40 patients were analysed. The three excluded patients included one patient with incomplete results secondary to a transfer and two patients who died of malignancy before 12 months. Ten of the remaining 40 patients could not undergo MSCT at 24 months because six patients were transferred or died between 12 and 24 months, and four had only recently entered the study. The study protocol was approved by our institutional Review Board and written informed consent was obtained from each enrolled patient.
The initial clinical evaluation included a medical history questionnaire, a physical examination and a review of the patient's medical records. The mean age of the analysed group was 56±12 years. There were 26 men and 14 women. The median duration of haemodialysis was 27 (range, 1-111) months. The causes of ESRD included chronic glomerulopathy in 11 patients, diabetic nephropathy in 17 patients, hypertensive nephropathy in three patients and polycystic kidney disease in one patient. The cause of renal failure was unknown in eight patients. Thirteen of the patients had a previous history of cardiovascular disease, including acute myocardial infarction, congestive heart failure, stroke and peripheral vascular disease.
During the study period, all of the patients were treated with conventional bicarbonate haemodialysis using Polyflux 6L (Gambro Dialysatoren GmbH, Hechingen, Germany) or F6 HPS (Fresenius Medical Care AG, Bad Homburg, Germany) synthetic membranes. 
Biochemical analysis
The results of the monthly serum biochemical determinations were collected for the study period. Routine serum chemistry variables, which included calcium, phosphorus and albumin, were analysed using standard methods. Serum calcium was adjusted for the serum albumin concentration and the Ca Â P product was calculated, using these results.
The total cholesterol, low-density lipoprotein (LDL) cholesterol, high-density lipoprotein (HDL) cholesterol and triglycerides were determined every 3 months for the lipid profile. Intact PTH and C-reactive protein (CRP) were also measured every 3 months during the study period. A highsensitivity assay (detection limit, 0.1 mg/l) for CRP was performed using the latex agglutination method (Denka, Tokyo, Japan). If a patient was affected by an acute episode (e.g. infection, bleeding or cardiovascular event), laboratory results for at least 1 month after complete resolution of the episode were excluded from the data collection.
Predialysis blood samples were collected with a 6-month interval for fetuin-A determinations. Blood samples collected without anticoagulant were allowed to coagulate for at least 30 min and were then centrifuged at 520 g for 10 min. The resulting serum was divided into aliquots, frozen and stored at À70 C. Serum fetuin-A was determined using a human fetuin-A ELISA kit (BioVendor GmbH, Heidelberg, Germany). The assay is a sandwich enzyme immunoassay with a detection limit of 0.35 ng/ml. Intra-assay precision was 3.3-4.8% and inter-assay precision was 2.5-7.4%.
Imaging procedure
The MSCT (LightSpeed Plus; GE Medical Systems, Milwaukee, WI, USA) scans were repeated under the same standardized conditions at 6-or 12-month intervals for all patients to obtain the CAC scores. Details of the methods of MSCT imaging have been published elsewhere [6] . Briefly, the data were acquired with a rotation time of 500 ms and a table feed of 4 Â 2.5 mm/rotation, and the tube current was 370 mA at 120 kVp. Data were obtained during the diastolic phase of the heart cycle and stored on an optical disk for later analysis. The acquired images were reviewed on an Advantage Workstation (Smart Score; GE Medical Systems). To ensure the continuity and consistency of the calcium score interpretation, a single investigator reviewed both the baseline and follow-up scans. Calcification scores were calculated using the volumetric method, which is more reproducible than the traditional area-based Agaston method [7] .
In this study, we defined the progression as outlined by Hokanson et al. [5] , who found that the square root transformation of the coronary artery calcium volume score provides a stable estimate of interscan variability. They suggested using the difference between the baseline and follow-up square root-transformed coronary artery calcium volume score of !2.5 mm 3 to signify a significant change in CAC because a change of this magnitude has a <1% likelihood of being the result of interscan variability. We computed an annualized rate of change in the square root-transformed CAC score [(final square root CAC À baseline square root CAC)/follow-up interval in years] to provide a stable estimate of progression in CAC that was unbiased with respect to baseline CAC scores or follow-up intervals. 
Statistical analysis
The results of the biochemical determinations were averaged to obtain geometric (for CRP and PTH) or simple (for the other measurements) means for each measurement.
Continuous clinical variables are presented as medians and ranges or as means and SDs. Paired comparisons of baseline and follow-up CAC scores were performed using Wilcoxon's signed-ranks test. The patients were classified into three groups according to the annualized change in the square roottransformed CAC score: <1.25 mm 3 /year (i.e. <2.50 mm 3 / 2 years) as non-progressors, 1.25-2.50 mm 3 /year as slow progressors and >2.50 mm 3 /year as rapid progressors. These three groups were compared using the JonckheereTerpstra test to explore the existence of trends [8] .
Comparisons of proportions were made using a chi-square test. The associations between the annualized changes of the square root-transformed CAC score and the clinical and biochemical parameters were analysed using Pearson's correlation coefficient. Multivariate linear regression analysis was used to assess the relative importance of the different risk factors associated with a change in CAC score. All statistical analyses were performed with the SPSS software package (version 12.0; SPSS, Chicago, IL, USA). Two-sided P-values<0.05 were considered to be statistically significant.
Results
On baseline MSCT examination, nine patients had no evidence of CAC, whereas 31 patients had CAC of differing severities. The median CAC score was 191 (range, 0-2403) mm 3 at baseline and increased to 253 (range, 0-2745) mm 3 at follow-up (P<0.001). The median annualized change in square root-transformed CAC score was 1.48 (range, À0.95-8.64) mm 3 /year. Based on an annualized change in square roottransformed CAC score, the patients were classified into three groups: 17 patients were non-progressors with a change of <1.25 mm 3 /year, 14 patients were slow progressors with a change of 1.25-2.50 mm 3 /year and nine patients were rapid progressors with a change of >2.50 mm 3 /year. The characteristics of the patients are presented in Table 1 . The degree of CAC progression was associated with the time-integrated level of CRP; median CRP levels gradually increased (P ¼ 0.001) from non-progressors through slow progressors to rapid progressors. Additionally, the sex ratio, phosphorus and Ca Â P product were associated with the degree of CAC progression; the patients were more frequently male (P<0.001) and had higher phosphorus (P ¼ 0.018) and Ca Â P product values (P ¼ 0.026) with increasing CAC progression. Non-progressors tended to receive a lower dose of oral calcium than slow or rapid progressors, but the difference was not statistically significant. The serum levels of fetuin-A, the lipid parameters, the parameters of diabetes history and the haemodialysis duration did not differ significantly across the three groups.
The significant correlates with the annualized change of square root-transformed CAC score in Pearson's correlation coefficient were log-transformed CRP (R ¼ 0.521, P ¼ 0.001) and phosphorus (R ¼ 0.433, P ¼ 0.005) (Figure 1 ). The annualized change also correlated with the Ca Â P product (R ¼ 0.394, P ¼ 0.012) and log-transformed baseline CAC score (R ¼ 0.336, P ¼ 0.034), but did not correlate with the serum levels of intact PTH, fetuin-A or lipid parameters. Patient age positively correlated with the annualized change of square root-transformed CAC score in male patients (R ¼ 0.500, P ¼ 0.009) but not in female patients. Further analyses in 30 patients, excluding 10 who could not undergo final scans at month 24, were performed to determine if the difference in follow-up intervals altered the results. Values expressed as mean±SD, median (range) or number (%) of patients.
Progression of coronary calcification 1917
These analyses demonstrated no changes in the abovestated relationships.
Multiple linear regression analysis revealed that CRP levels were independently associated with CAC progression even after adjusting for age, gender and baseline CAC score ( Table 2) .
Discussion
In this cohort, elevated CRP was one of the strongest and the most consistent predictor of the progression of CAC. This provides prospective evidence that high CRP levels are associated with progressive CAC in ESRD patients, adding substantially to the previously limited evidence from cross-sectional data for a relationship between CRP levels and vascular calcification [9] . In addition, this study showed the association between altered mineral metabolism, such as elevated serum phosphate and elevated serum Ca Â P products, and the progression of CAC. This is in agreement with the results obtained by previous cross-sectional and longitudinal studies [1, 4] .
There are several distinctions between this and previous observational studies investigating changes of CAC in ESRD patients (Table 3) . Most studies estimated progression by calculating the absolute change in the CAC score. However, the absolute difference in the untransformed CAC score may overestimate the degree of progression as the baseline CAC score increases because the interscan variability in the CAC score increases with the level of increase in CAC [5] . Unlike other studies, ours defined progression in the same manner as Hokanson et al. [5] to provide a stable estimate that was unbiased with respect to baseline CAC, and our study had a relatively small number of withdrawal patients and a longer follow-up period. In addition, CRP was frequently measured at regular intervals and averaged to obtain timeintegrated levels in our study. These CRP levels may represent the degree of chronic inflammation during the follow-up period. Using these methods, we found that elevated concentrations of CRP were associated with the progression of CAC independently of confounding factors. However, it is not yet clear that our methods including the square root transformation of the CAC score are more reliable than others, and more studies regarding the progression of CAC are required.
In agreement with our findings, a recent study demonstrated that sevelamer, a non-calcium-based phosphate binder, inhibited progressive CAC and reduced inflammatory markers in ESRD patients [10] . This is indirectly suggestive of an association between progressive CAC and the inflammatory process. In addition, several studies have shown that inflammatory biomarkers are associated with the progression of carotid intima-media thickness in ESRD patients [11] . However, the clinical relevance of CAC may differ from that of carotid intima-media thickness, which may indicate the severity of atherosclerosis. The CAC might represent arteriosclerosis or arterial stiffness [12] , which is an indicator of cardiovascular mortality, Fig. 1 . Scatter plots of the association between CRP levels and the change of square root-transformed CAC scores (A) and of the association between phosphorus levels and the change of square root-transformed CAC scores (B). distinct from atherosclerosis. We believe that our study provides additional essential knowledge for the understanding of progressive CAC in ESRD patients. Although the mechanism by which vascular calcification develops in ESRD patients is complex and is not well known, a possible explanation of our finding is that inflammation may participate in arterial calcification in the presence of an increased serum phosphorus and calcium load [13] . The CRP may be a trigger for calcium deposition in the arteries of dialysis patients; at the end of each dialysis session, when back-filtration can occur, plasma calcium concentrations reach their maximum levels and patients become alkalotic. In this context, it should also be considered that CRP, a member of the pentraxin family, binds to damaged tissue in a calcium-dependent manner, associating with membranes in the presence of multiple calcium ions [14] . A recent study showed that the calcification rate of an arterial wall increases as the concentration of CRP increases when the arterial wall is exposed to an excess amount of CRP in an in vitro simulation model [15] . Moreover, recent evidence from different cell types suggests that CRP is not only a risk marker, but might also be a participant in atherogenesis [16] .
Based on studies that have implicated low levels of serum fetuin-A, a calcification inhibitor, as a risk factor for CAC and poor cardiovascular outcome [17, 18] , we evaluated the associations between progressive CAC and serum levels of fetuin-A. In agreement with a previous cross-sectional study on ESRD patients [17] , we also found that fetuin-A levels negatively correlated with baseline and final CAC scores (R ¼ À0.399 and À0.355, P ¼ 0.011 and 0.025, respectively; crosssectional data not presented in the results). However, we were unable to identify the time-integrated level of fetuin-A as a major predictor for change in CAC over the follow-up period. Furthermore, a positive relationship between serum fetuin-A levels and CAC scores in non-dialysed patients with diabetic nephropathy has been demonstrated [19] . Thus, the role of fetuin-A in vascular calcification may be far more complex than previously thought. Serum fetuin-A may possibly represent the anti-calcification profile of patients with a certain degree of calcification or renal dysfunction, but it appears to have no direct impact on the progression of CAC.
Our results should be interpreted with caution because of several limitations of our study. First, subjects were on long-term haemodialysis at a single centre, which can make it difficult to draw general conclusions and can lead to survivor or other selection biases. Second, the sample size was small, and the power to detect associations between potential risk or protective factors and progressive CAC was limited. Third, we did not make any assessments of the functional activity of fetuin-A. Only the phosphorylated form of fetuin-A appears to be functionally active, and it is unclear whether the presence of renal disease modifies the proportion of circulating fetuin-A that is phosphorylated [20] . Finally, this study could not provide follow-up for specific cardiovascular outcomes in relation to progressive CAC, because the number of cardiovascular events was too small for valid analyses.
In conclusion, this study provides the prospective evidence that chronic inflammation, in addition to altered mineral metabolism, contributes to the rapid progression of CAC in ESRD patients. The small number of patients who participated in this study necessitates the confirmation of our findings in additional, larger-scale studies. 
